With the ever-growing demand for renewable energy sources, energy harvesting from natural resources has gained much attention. Energy sources such as heat and mechanical motion could be easily harvested based on pyroelectric, thermoelectric, and piezoelectric effects. The energy harvested from otherwise wasted energy in the environment can be utilized in self-powered micro and nano devices, and wearable electronics, which required only µW-mW power. This article reviews pyroelectric energy harvesting with an emphasis on recent developments in pyroelectric energy harvesting and devices at micro/nanoscale. Recent developments are presented and future challenges and opportunities for more efficient materials and devices with higher energy conversion efficiency are also discussed.
Historically, batteries have always been the primary source of energy for powering lowpower electronics, medical devices, and other embedded systems. Due to the perpetual need for increasing the efficiency and lifetime of these devices, energy harvesting from ambient sources like solar power, mechanical vibrations, and thermal energy, among others, have been considered [1, 2] . Tapping into these renewable sources of energy offers solutions to the energy crisis and the ever-increasing demand for renewable energy resources. Energy harvesting is an attractive technique for a wide variety of self-powered micro devices or systems, for example, sensors, monitoring devices, biomedical devices, and implantable biodevices. In the last few years, the interest in energy harvesting has grown tremendously due to the exponential increase in the number of devices. The power requirements of these devices in large numbers put a considerable load on existing infrastructures and demands for much more efficient and novel sources of energy. The current usage of batteries in most personal devices has fueled research in improved battery technologies, but there is a critical need for self-powered, small-scale power generation devices that can supplement the existing technologies and eventually be able to replace batteries as the primary power source. Energy harvesting can give rise to self-powered, maintenance-free devices with an almost inexhaustible source of energy [3] . Several devices from the millimeter scale down to the microscale have been manufactured, with an average power in the 10 µW-10 mW range [4, 5] . Some examples of energy harvesting on the microscale include piezoelectric generators [3, 6, 7] , thermoelectric microgenerators [8] [9] [10] , photovoltaic devices (solar cells) [11, 12] , and electromagnetic microgenerators [13] [14] [15] . At small scale, pyroelectric materials are better suited for the conversion of thermal energy into electrical energy compared to thermoelectric devices, since they require temporal temperature gradient (dT/ dt) instead of a spatial temperature gradient (dT/dx), which is more difficult to realize at micro/nanoscale [16] . Many pyroelectric materials are stable up to a very high temperature (~1200°C), which provides an advantage over thermoelectrics for harvesting energy form high-temperature sources. Furthermore, recent methods have been introduced to convert stationary spatial gradients to transient temperature gradients [17] , which facilitates development of hybrid energy harvesters based on both thermoelectric and pyroelectric effects or radiation and pyroelectric effect [18] . In addition, devices based on pyroelectric energy harvesting require low or no maintenance since unlike piezoelectric energy harvesting devices, they do not include any moving parts. In recent years, alongside experimental implementation and developments, there have been several theoretical and numerical attempts for optimization of pyroelectric energy harvesting using mass, momentum, and energy equations [19] [20] [21] [22] . These studies are critical for guiding future experimental efforts.
This paper provides a brief introduction to the pyroelectric effect and pyroelectric materials and summarizes recent developments in the harnessing of this effect for energy conversion. The origin of the pyroelectric effect, a detailed explanation on how the phenomenon occurs, and some of the factors affecting this effect have been discussed in Section 1.2. Common pyroelectric materials have been described along with their crystal class, crystal geometry, and Curie temperature in Section 2. Various existing methods for characterizing pyroelectric materials have been discussed briefly with illustrations in Section 3. Energy harvesting techniques and existing pyroelectric energy harvesters have been covered in Section 4. Section 5 provides concluding remarks on this review.
The pyroelectric effect
Pyroelectricity is one of the least-known electrical properties of solid materials. Theoretical treatment of pyroelectricity in terms of a change in net dipole moment has emerged in modern times, even though it has been known to mankind as a phenomenon for more than 24 centuries. This phenomenon was observed in the tourmaline crystal, which had the ability to attract straws and bits of wood [23] . In the two millennia that followed, scientists and writers were interested in the origin of the stone rather than physical explanations for the material attractive properties it displayed [24] . In 1717, the first scientific description of pyroelectricity was written in an article, but only in the nineteenth century did the quantitative understanding of this effect emerge [24] .
Pyroelectricity is defined as the temperature-dependent spontaneous polarization in certain anisotropic crystals [24, 25] . This effect refers to the generation of an electric
current/potential in materials with non-centrosymmetric crystal structure when subjected to a temporal temperature gradient (dT/dt) (Figure 1(a) ). Pyroelectricity is exhibited by crystals belonging to the polar classes 1, 2m, 2mm, 3, 3m, 4, 4mm, 6, and 6mm [26, 27] . Pyroelectric materials have a unique polar axis along which spontaneous polarization exits. The unit cell of pyroelectric materials has a dipole moment, and the dipole moment per unit volume of the material is called the spontaneous polarization [24] . A change in temperature causes the net dipole moment and hence the spontaneous polarization to change. The pyroelectric coefficient p is defined as the differential change in spontaneous polarization P caused by a change in temperature T [28] . In the most general form, for a stress-free material in an open circuit condition, the change in polarization due to change in temperature is expressed as follows: 
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The first term on the right hand side of Equation (1) is the permanent polarization, and the second term represents the piezoelectric induced polarization [28] . Change in the polarization, causes change in surface bound charges, and hence redistribution of free charges in the material to compensate for the change in surface bound charges. In a test setup, this results in a pyroelectric current flow in the external circuit. If the circuit is open, the free charges simply remain in the electrodes and an electric potential is generated. The constraints in the definition of the pyroelectric coefficient are constant electric field E and constant elastic stress σ. Constant stress means that the crystal is not clamped, but completely free to expand or contract thermally. When the crystal is rigidly clamped under constant strain ε, to prevent expansion or contraction, a change in temperature causes a change in electric displacement signifying the primary pyroelectric effect (Figure 1(b) ). The second contribution, the secondary pyroelectric effect, is a result of crystal deformation. Thermal expansion causes a strain that alters the electric displacement via a piezoelectric process. Direct measurement of the primary effect is rather difficult, but the secondary effect can be readily calculated from the values of the thermal expansion coefficient, the elastic stiffness, and the piezoelectric strain constant [24, 26, 27, 29] . Therefore experimentally, the pyroelectric effect under the constraint of constant stress -the total effect -is what is usually measured. Moreover, it shows a distinction between ferroelectric and non-ferroelectric materials.
To understand this effect, let us consider a thin parallel-sided sample of material so cut that its crystallographic symmetry axis is perpendicular to the flat surfaces. The dipoles in a unit cell of a pyroelectric material are packed so that the components of the dipole moment in each unit cell add up in the direction normal to the flat surfaces. The dipole moment per unit volume exists in the absence of an applied electric field and is equivalent to a layer of bound charges on each flat surface of the sample. Nearby free charges such as electrons or ions will be attracted to the sample. We consider that the conductive electrodes are then attached to the surfaces and connected through an ammeter having a low internal resistance. If the temperature of the sample is constant, then the spontaneous polarization also remains constant and no current flows through the circuit. But in most pyroelectric materials, an increase in temperature causes the net dipole moment and consequently, the spontaneous polarization to decrease. The quantity of bound charge then decreases and the redistribution of free charges to compensate for the change in bound charge results in a current flow. If the sample is cooled instead of being heated, the current sign is reversed. The pyroelectric current is observed only during the period in which the temperature changes, i.e., when there exists temporal temperature gradient [30, 31] .
Most common pyroelectric materials
Pyroelectric materials currently find widespread use in thermal detectors and sensors, where the choice of the pyroelectric material is mainly determined by figure of merit, detector size, availability, durability, environment in which the material has to operate, thermal radiation levels to be detected, purpose for which the detector is employed, maximum ambient temperature of operation, and the range over which stable operation is required [32] . A wide selection of pyroelectric materials is necessary not only to improve the sensor performance but also to cater to specific sensor applications. In the following discussion, materials most commonly used in the industry are discussed with
respect to their Curie temperature. Curie temperature is the critical point where a nonpolar material undergoes a structural transformation; below this critical point, the material exhibits an intrinsic, permanent electrical polarization, usually along a certain crystallographic axis [33] . Table 1 presents matrices for the 10 pyroelectric crystal classes and two pyroelectric Curie groups. [34] ; above this temperature, it exists as centrosymmetric class 2m, and below this temperature, it is a polar point group 2 with the polar axis along the monoclinic b axis. Since the glycine groups are polar in nature, the reversal is largely associated with the rotation of the glycine group about the crystallographic a-axis [23] . TGS pyroelectric crystals are primarily used in single element detectors where sensitivity of detection of temperature change is of prime importance. (2) Polyvinylidene fluoride (PVDF): PVDF is a ferroelectric polymer, which exhibits a strong piezoelectric effect. PVDF molecules have a repeat unit of -CH 2 -CF 2 -, which take up a number of stable configurations based on the polymers treatment.
The polar unit configuration of the material crystal exhibits pyroelectric effect. PVDF has a Curie temperature up to 180°C, but the polar properties degrade when it is heated above 80°C. It finds applications in large area detectors for laser pulse monitoring and also single element devices such as intruder alarms. Large PVDF thin films are available commercially at low cost for use in detectors [23, 32, 35, 36] . Table 1 . Matrices for the 10 pyroelectric crystal classes and two pyroelectric Curie groups [33] .
Point group Pyroelectric metrics [23, 32, 35, 37] . (4) Gallium nitride (GaN): GaN is a wurtzite-structured crystal. It is a natural pyroelectric with polarization in the c-axis. GaN exhibits a strong pyroelectric effect at temperature above 300°C, whereas LiTaO 3 and PbTiO 3 exhibit the property below 300°C, and hence, GaN finds applications in high-temperature environments [25, [38] [39] [40] . The pyroelectric coefficient of thin GaN films were reported to bẽ 10 4 V/mK [38] . (5) Zinc Oxide (ZnO): ZnO is also a wurtzite-structured natural pyroelectric crystal with polarization in the c-axis. Most applications utilizing ZnO as the primary material use it in the thin film form. ZnO thin film has exhibited a conversion of thermal radiation 10 times larger than GaN films. ZnO possesses a Curie temperature of 430°C and a pyroelectric coefficient of 4 × 10 4 V/mK was observed from experiments conducted on a bundled arrays of nanowires [41] [42] [43] . (6) Perovskite based pyroelectrics: Perovskite is a large family of oxygen octahedral crystals with the general formula ABO 3 [23] . The perovskite structure undergoes deformation to give rhombohedral, tetragonal, or orthorhombic structures. In Lead Zirconate-and Lead Titanate-based structures, dopants are used to improve the pyroelectric properties of these ceramic-based pyroelectrics. Lead Titanate (PbTiO 3 ) possesses a high Curie temperature of 490°C and a high polarization rate. The preferred method of manufacturing devices is by deposition of thin film layers rather than machining from bulk.
Characterization of pyroelectric materials
Characterization of pyroelectric effect at the bulk level is rather straight forward. Often, two electrodes are connected to the polar axis of the material and the material is placed in an oven or on a hot plate or heated by a laser [33, 44] . The temperature increase or decrease in the sample results in generation of electric current/voltage. Since the material is at bulk scale, the generated current/voltage is large enough that could be easily measured using conventional electronics. These methods are not applicable to small scales, such as to thin films and 1D nanostructures since the proper electric contact to these materials is complicated. In addition, the generated current/voltage is small and demands high-sensitivity electronics to avoid any artifacts in the measurement. There are several methods for characterization of pyroelectric effect. Each method has advantages and disadvantages [44] . Below, we have provided a brief summary of the most common methods.
Continuous oscillation method (the 2ω method)
In this method, the sample is subjected to a continuous, sinusoidally modulated heat source (Figure 2(a) ). The generated current or voltage is recorded with a lock-in amplifier 234 D. Lingam et al. [44] . When the modulation frequency is low enough and the capacitance-based impedance is negligible, it can be shown theoretically that the generated current from pyroelectricity is 90°out of phase with the thermal wave [44] . The current is measured using preamplifier circuits and is observed using oscilloscopes. When the heating rate from the thermal heat source is significantly smaller than the thermal diffusion in the sample, then the sample is heated uniformly rather than a sinusoidal modulation [44] .
Direct and low-frequency periodic measurement
In the direct method, a poled sample is subjected to a linear temperature ramp with its electrodes shorted, which results in the generation of a pyroelectric current (c) Pyroelectric current generated (blue) for the direct measurement [46] . (d) Pyroelectric current generated (blue) for the low-frequency periodic measurement [46] . Reproduced with permission from Ref [46] . Copyright (2012), AIP Publishing LLC.
International Journal of Smart and Nano Materials 235 ( Figure 2(b-d) ) [45] [46] [47] . In this method, the pyroelectric coefficient across the corresponding temperature range can be obtained [46] . However, the simultaneous existence of non-pyroelectric currents makes this technique difficult for use with thin films. The low-frequency periodic measurement technique utilizes a low-frequency sinusoidal temperature oscillation, which leads to a phase shift in the pyroelectric current [46] . The measured current is then fitted to a sine function to extract its phase and magnitude. The pyroelectric coefficient can then be obtained from the out of phase component of the pyroelectric current [46] .
Laser intensity modulation measurement (LIMM)
This method uses an intensity-modulated laser beam to generate periodic temperature oscillations on the surface of the thin film (Figure 3(a) ) [46] . The surfaces of the sample are coated with opaque electrodes using a sputtering or evaporation process [48] . The sample is then mounted in a vacuum chamber with optical windows through which the sample can be irradiated [48] . The laser is modulated over a wide frequency range (HzkHz, kHz-MHz) using an acousto-optic modulator, and the pyroelectric current generated at a specific modulation frequency is measured using a lock-in amplifier [46, 48] . The pyroelectric effect is observed closer to the top surface of the thin film due to an increasing modulation frequency [46, 49] . A variation of this method is the Surface Laser Intensity Modulation Measurement (SLIMM), where the data are obtained from a single surface and the modulation frequencies used are much higher compared to LIMM [50] . LIMM is much more suited for determining the polarization distribution near the free surface of the sample [50] .
Constant temperature measurement
This measurement is valid only for pyroelectric materials with switchable polarization (ferroelectrics) [30] . This method uses a Sawyer-Tower bridge to obtain ferroelectric hysteresis loops through the magnitude of polarization induced in the sample (Figure 3(c) ) [30] . A typical Sawyer-Tower bridge consists of a linear capacitor (a capacitor with linear response characteristics), with a capacitance (C b ) greater than that of the ferroelectric material. The resistor R b in the circuit partly compensates for the ohmic conductivity present in most ferroelectric materials. The voltage measured across the linear capacitor is proportional to the charge stored on the surface of the ferroelectric material, which represents the polarization of the material in the absence of an electric current [30] . Accurate measurements require the hysteresis loop to be rectangular, which has only been observed in triglycine sulfate [30, 51] . However, this technique has a drawback. The presence of displacement, ohmic, and charge-injection currents reduces the accuracy of the measurements and also affects the electric field in the sample, hence requiring circuitry which can detect the ohmic and charge injection currents [30] .
Continuous temperature ramping
This method involves measuring the pyroelectric current flowing between two contacts on a sample, which is continuously heated or cooled, (Figure 3(d) ) [30] . A uniform temperature distribution is obtained in the sample, when the sample heating rate is smaller than the time required for thermal diffusion [30] . The pyroelectric coefficient is then measured by one of two methods: the Lang-Steckel method [52] and the short circuit method used by Glass [53] . In the Lang-Steckel method, the pyroelectric material is connected to a high input impedance electrometer shunted by a calibrated resistor. The voltage measured by the electrometer is then used with the following expression to determine the pyroelectric coefficient of the sample [52] :
where C T is the total capacitance of the pyroelectric element and the electrometer, p is the pyroelectric coefficient, A is the electrode area of the pyroelectric element, dT/dt is the instantaneous time derivative of the temperature, V and dV/dt are the electrometer voltage and the time derivative of voltage, respectively, and R T is the total equivalent resistance of the pyroelectric element and the shunt resistor. In the method used by Glass, the sample is heated under short circuit conditions to ensure a constant electric field across the sample [53] . This is done because dP/dT (rate of change of total polarization of the sample with temperature at constant stress) is also a function of the constant electric field [53] . The sample is connected to an operational amplifier and a feedback capacitor. The charge developed on the faces of the sample is integrated continuously using a ballistic galvanometer. The output voltage of the amplifier is plotted against the sample temperature, and the temperature derivative of this curve
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gives the pyroelectric coefficient [53] . Compared to the Lang-Steckel method, the short circuit method does not require the rate of change of temperature to measure the change in polarization of the sample, but it gives an average value of the pyroelectric coefficient and not an absolute value [30] .
Energy harvesting
As smart materials, pyroelectric materials have found applications in an array of fields. The most prominent fields are energy harvesting and applications in sensors. For energy harvesting, they convert the thermal energy to electricity, and in sensors, they are used as sensing elements to detect heat (or indirectly motion) signals by conversion into an electric signal. We limit this section to energy harvesting application, in particular recent progress on nanowire, nanofibers, and thin film pyroelectrics. The detectable current i p (t) of a pyroelectric material is proportional to the rate of change of its temperature [54] , and can be expressed as follows:
In this equation, p is the pyroelectric coefficient of the material, which is measured experimentally by measuring the output current. It is evident that the pyroelectric coefficient is one of the most important factors influencing the performance of a pyroelectric material: the higher the pyroelectric coefficient, the better the pyroelectric performance. The values for p for various materials are given in Table 2 . In Equation (3), A is the surface area of the electrode connected to the pyroelectric material during measurements. Larger electrode will collect larger number of electrons and hence the measured current will increase. dT/dt denotes the temporal temperature gradient. Larger changes in temperature in shorter periods of time generate larger output current. Hence large temperature gradients such as in engine of automobiles or in turbines are attractive for this purpose [55] . In terms of modeling, the pyroelectric generator is modeled as a current source with a capacitor and a resistor in parallel. The current is generated within the pyroelectric element with the change in temperature. However, one of the main problems of pyroelectric energy harvesting is a heating process followed by a cooling process, which produces charge accumulation in different directions. One way to mitigate this problem is to use a full bridge diode rectifier circuit. It has been also demonstrated that stationary spatial temperature gradients can be converted into required transient temperature for pyroelectric energy harvesting [56] . One of the proposed methods includes a micro heat engine that acts as a thermal energy shuttle between a heat sink and a heat source. In this configuration, an oscillating thermal field is created across a pyroelectric generator (Figure 4) [17] . It was demonstrated that using this micro thermomechanic-pyroelectric energy generator (µTMPG), 3 µW power could be harvested for a temperature difference of 79.5 K from pyroelectric generators.
Using similar methods, hybrid energy harvesting devices could be developed that operate for both thermoelectric and pyroelectric energy harvesting [57] . Laminating materials in composite form have been also discussed as methods of enhancing pyroelectric energy harvesting by changing the effective thermal mass of the system [58] .
Pyroelectric energy harvesting has been demonstrated in thin films, nanowires, and nanofibers. In particular, thin films offer a large surface area for enhanced thermal exchange and larger electrodes, and hence larger current output [59] [60] [61] . Recent advances in nanotechnology have enabled energy harvesting from 1D materials such as nanowires and nanofibers ( Figure 5 ) [43] . Theoretical studies have predicted pyroelectric size-effect enhancement for nanowires, and hence, they hold great promise for nanoscale pyroelectric energy harvesting [31] . The advantages of nanowires are that they have enhanced mechanical properties compared to the bulk materials [62] . The enhanced mechanical properties are often because of lower defect density in these materials. As such, nanowires can withstand larger strains to failure. This attribute makes them attractive for flexible nanogenerators, which are promising for wearable electronics ( Figure 5(d) ) [63, 64] .
In addition, nanowires have already demonstrated to show enhanced piezoelectric and thermoelectric properties compared to their bulk counterparts [65] [66] [67] [68] [69] . These enhancements are often due to lower defect density in the nanowire form compared to the bulk form, which may also contribute to the pyroelectric enhancement. For example, for ZnO nanowires, pyroelectric current and voltage coefficients of~1.2-1.5 nC/cm 2 K and~2.5-4.0 × 10 4 V/ mK have been estimated from experimental studies on an array of bundled nanowires [43] . These values are larger than the values for the bulk and thin films (~1 nC/cm 2 K). Recently, it was shown that single pyroelectric microwire of PZT can be used to power temperature sensors [70] . In this experiment, single lead zirconium titanate (PZT) microwire was placed on a glass substrate and was fixed with silver paste as electrodes at its two ends. The entire device was then packaged into polydimethylsiloxane (PDMS). After electric poling at a voltage of 3.5 kV, the device was placed on a heater to generate temporal temperature changes for pyroelectric energy harvesting. It was shown that the response time of the sensor was 0.9 second and the minimum detectable temperature was 0.4 K at room temperature.
Nanowires are also incorporated into composite structures enabling development of high-performance materials. Nanogenerators based on cost-effective and easily accessible materials such as KNbO 3 were recently demonstrated [63] . Hybrid and flexible thermalmechanical-solar energy harvesting devices have been also introduced, with PVDF thin film as the pyroelectric element [71] . It was demonstrated that the nanogenerator can drive a LCD using the hand touching, which has both mechanical and thermal components. The PVDF thin film can be fabricated using spin coating process to desired thickness.
In addition to nanowires, nanofibers are also attractive for pyroelectric energy harvesting. Nanofibers are often mechanically soft and can be readily incorporated into flexible International Journal of Smart and Nano Materials 239 devises [72] [73] [74] . Nanofibers are mostly fabricated using electrospinning technique [75] . In this technique, a high DC voltage between the liquid in a syringe and a collector spins nanofibers in diameters from several tens of nanometers to several microns. The most notable pyroelectric material that is produced using this method is PVDF and its copolymer poly (vinylidene fluoride-trifluoroethylene) (PVDF-TrFE) [76, 77] . Recent developments of PVDF for use in microgenerators for portable devices make it an area of interest for self-powering devices [78] . PVDF is a high-performance engineering thermoplastic which shows excellent mechanical and physical behavior. It is also chemically inert toward most acids, organics, aliphatic and aromatic compounds, solvents, oxidants, halogens, and alcohol [79] . Although PVDF pyroelectric harvesters gain limited energy and voltage, these devices will gain a considerable voltage and energy with a larger element area. In PVDF, the beta (β) phase contributes to the piezoelectric and pyroelectric effects, hence the PVDF fibers need to be poled or mechanically stretched to increase the relative content of β phase [80, 81] . Hence, for higher efficiency energy harvesting higher content of β phase is desirable. Energy harvesting of waste heat from pyroelectric materials can be achieved by utilizing the Olsen cycle [82] [83] [84] [85] . The Olsen cycle consists of two isothermal and two isoelectric field processes in the electric displacement-electric field (D-E) diagram. The principle of the Olsen cycle is to charge a capacitor via cooling under low electric field and to discharge it under heating at a higher electric field. Possibility of capturing thermal energy derived from natural heating of pavements, storing the energy, and using it as an alternative power source for other devices has been also recently explored. In this study, pyroelectric materials were used as the energy harvester. Single and polycrystalline based materials and a polycrystalline composite material based on ordinary Portland cement with carbon nanofibers have been used as pyroelectric smart materials. Smart material based on Portland cement was tested to capture ambient thermal energy from pavements, which can be stored in capacitors for use as power sources to other sensor electronics. When carbon nanofibers were added, the cement-based composite was shown to act as a pyroelectric material. Addition of carbon nanofibers further increased the pyroelectric properties of the cement [86] . In order to improve the effectiveness of the energy conversion from heat to electricity, the 'Synchronized Switch Harvesting on Inductor' (SSHI) technique has been introduced [87] and was experimentally tested. SSHI was originally developed for energy harvesting from piezoelectric materials [87] , and later expanded to pyroelectric energy harvesting [88] . The method proposed adding a switching device in parallel with the piezoelectric or pyroelectric materials. The switch and an inductance are in series. Opening and closing the switch is controlled to achieve enhanced energy harvesting from the material. The experimental study on pyroelectric materials found that for several amplitude variations of temperature from 0.5 to 8.0 K, the conversion efficiency is about 0.02% of the Carnot efficiency with a standard interface. Under the same heating conditions, experimental results showed that the SSHI technique increased the converted energy by a factor of about 2.5 times the standard interface, with which the efficiency was shown to practically become 0.05% of Carnot efficiency. The produced electrical power for a temperature amplitude of 7 K was more than 0.3 mW for an energy harvesting device composed of 8 g of active material [88] .
Perspective, concluding remarks, and opportunities
With growing demand for energy harvesting from environmental sources for driving personal electronics and low-power devices, great excitement has been generated for using pyroelectric materials for converting heat to electricity. Although this conversion mechanism has been known for centuries, incorporation of nano-and microstructures into devices enabled by progress in nanomanufacturing and microfabrication technologies has provided a paradigm shift in energy harvesting. Since material properties often show sizedependent behavior, in particular in micro/nanoscale, there is need for quantitative characterization methods capable of measurement of small current/voltage generated from small-scale pyroelectrics. Currently there are no methods for measurement of pyroelectric effect in single-nanowire or single-microfiber level. Scanning probe microscopy methods may be applicable to these characterizations, which present a great opportunity of these techniques to enter pyroelectric energy harvesting field.
In addition, it is critical to intrinsically enhance the pyroelectric properties of the current materials using doping and material engineering. For example, n-doped or p-doped materials may exhibit different pyroelectric energy conversion. This is a great area of near term opportunity. For example, effect of doping and synthesis of nanowires could be quantified through development of rigorous experimental methods capable of identifying changes in the harvested energy from single nanowires. There are great opportunities for incorporation of pyroelectric materials, in particular nanowires and nanofibers, into flexible textile and wearable electronics for hybrid pyroelectric and International Journal of Smart and Nano Materials 241 piezoelectric energy harvesting. These energy harvesters could power personal electronics and replace batteries. Although, micro/nanoscale energy harvesting based on pyroelectric materials is a rather new field, it has already shown great promise and it is expected that the exciting near-term results will further stimulate research and development in this field.
